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SUMMARY

This report describes the method cf flux growth of non-linear optical single crystals and the
techniques required to determine the flux choice. This is illustrated by the crystal growth of
beta barium borate. These techniques are applicable to other optical materials
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1. INTRODUCTION

The purpose of this report is to describe high temperature solution crystal growth techmques as apphied
to laser and non-hnear optical materials. Many crystals used 1n laser applicatons and non-linear optics
are commonly grown by the Czochralski technique (1} With this techmique large crystabs are pulled
directly from a congruent melt. These melts have the same composition as the growing crystal and thus
the crystailisation temperature remains constant. However some crystals cannot be grown trom
congruent melts and it is necessary to use a solvent (called a flux) to grow these materials In these
situations the fiquid comprising the flux (or solvent) and the composition from which the crystal will
form is best referred to as a solution rather than a melt. The solvent 1s a compound which i~ u hiquid cat
the temperatures used) that dissolves the crystal to be grown. Fluxes are selected ~o that they do not
contaminate the growing crystal. Considerable work 1s required to determune the most favourable fTux
The crystal growth technique used is Top Seeded Solution Growth (TSSGh. or a simtlar techmque called

High Temperature Solutton growth (HTS) (2]

In this report. the flux growth of singie crystals will be descrnibed. tollowed by a discussion on the cryvstal
growth techmque The growth of beta-banum borate. flux selection. and phuse diagram determination tor

this system will be descenbed as an example of the echnique

2.FLUX GROWTH

In order to grow a crystal. the physical and chemucal properties ot the crystal and melt must be
considered  Melt solutions compnise the chemucal composition of the crystal to be crown with the
addion of 4 flux which effectively dissolves the crystal at high temperatures. Lowenng the temperature
enables the crystal to nucleate in the solution. and then grow larger as the temperature decreases In the
flux growth techmques (TSSG and HTS) an attempt 1s made to control this process to produce hich

quahity crvstals The vanables under some control are.

I The flux composiion which affects the liquidus temperature. viscostty. growth range. and

cnvstal vield

2 The cooling rate which determines the growth rate which has a large beanng on the crvstal

guahity

When growing a erystal from g melt many ditterent tluxes can be investigated Fach Hux has different
ranges of compostions and temperature over which growth 1s possible. and tor which ditferent growth
morpholosy and melt charactenstics oceur tor growing i particulur ervstal Thos for each Aun. o phase
deagram i~ required which i~ o representanon ot all the possible phases of the compounds produced A
number of situations 10 which it 1s necessany to use flun growth will be desenbed This will be followed

Py a consderanion ot aspects ot flus selection and a discussion on Ditterential Thermal Anafy s (DT A
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2.1  High Temperature Phase

This situation is one in which the required material meits congruently. but at temperatures too high to be
produced by the available furnace. or too high for the existence of a suitable crucibie to contain the melt
Additon of a flux allows the required crystal to grow at a lower liquidus temperature because the meltung
point of the mixture is lower than that of the pure compound. This situation is represented by an 1deal
phase diagram using a simple eutectic system as an example (Figure 1). Crystals of A can be grown 1t the
maximum temperature Ta can be obtained. If a lower growth temperature is required the addinon of
material B can make a mixture with a lower melting point. In this situation material B can be considered
to be a flux. For example. at composition X the liquidus temperature is Tx where it is well below the
melting point of phase A. As the solution 1s cooled. crystal phase A grows at the expense of the hquid
phase. in which A becomes diluted with respect to B. As the liquid reaches the eutectic temperature Te
the remaining liquid solidifies to produce a eutectic mixture of A and B. The crystal growth must be
halted before Te is reached in order to remove the crystal before the remaining liquid completeis
solidifies. A charactenstic of TSSG or HTS is that the crystallisation temperature vanes as the crystal i~

grown. Similarly f crvstals of B were required and temperature Tb was too high. A could be used as o

flux.
Ta
Ty t— — — — — ~ Liquidus
AN
_ Th
\\
A & hquid - B & liqud
Te Solidus
A X E ;

Composttion

Figure 1. Ideal phase diagram of a simple eutectic system.

2.2 Phase Change

The second situation 1s that of a low temperature ~ohid phase crystal structure (8) which transtorms to the
high temperature ~olid phase o at temperature Ty as shownn Figure 2 To enable the crystal growth of
the low temperature phase. a flux rmatenal B) can be used to reduce the liquidus temperature as the
mixture has a lower melung point This situanon s similar to that of the high temperature crowth
discussed above. however in this case the flux 1s used to lower the liquidus temperature below the phase
transition temperature ( Ty The low temperature phase (B) may be grown from hguid ranging
composition between X and E At composinions between A and X. the high temperature phase «m

crvstallises. while berween E and B. compound B would crystallise

4

2 UNCLASSIFIED

~—



UNCLASSIFIED SRL-3116-RN

Ta
Tx | & liquid

N \ Liquidus
\ b

B & liquid
B & liquid
Te
Sohd A & B
A X E B
Composiuon

Figure 2. Idealised phase diagram showing the part of the liquidus (dashed arrow) over which the

low temperature phase (3) may be grown.

23 Incongruent Melting

The thurd cane 1~ one tn which the matenal of interest melts incongruently  The c¢rystalline phuse
decomposes above the pentectic temperature. Tp. to form a second crystalline phase and 4 higud
tFrgure 3) Additon of flux B enables a crystal of phase C to grow below the pentectic temperuture Tp

Again the crystal can be grown to just above the eutectic temperature. Te

Ta
Ligud
Sohd A & Iiquid Growth region of hquidus
for phase C
Tp
A Tb
Sohd A & C Sohd C & hgud B & hguid Te
Sohd B & €
A ¢ E B

Composition

Figure 3. Idealised phase diagram showing the liquidus between the peritectic (Tp) and eutectic

{Te) temperatures over which phase C may be grown (dashed arrows..
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2.4 Flux selection

Selection of a flux 1s difficult due to a variety of possible flux composiions. and the hmited data on
phase equihibna at high temperatures. In some situations the tlux consists of a pumber of components.
and phase relationships are generally not known A flux needs t0 be a good solvent for the mutenal of
interest. and tnal and error 1s often used with many flux compositions in finallv selecting a suttuble flux
Exisung phase diagrams are used as a guide 1n the choice of fluxes to be tested From these tnuls a phase
diagram can be determined or its general properties estimated. It a phase diagram exists. the crystal vield
can be calculated and values of crystal yields compared: the best flux will hopefully give the lurvest
crystal yield. Further problems artse 1f the flux has a low viscostty. This results in melts becoming
inhomogenous. especially next to the growing surtace of the crystal. To replenish nutnents at this surface
1t may be necessary to have a mixing process. in addiuon to diffusion of 1ons. This may be accomplished
by causing convection currents within a high thermal gradient or using some form of mechanmicul
agitation. Commonly the crystal is rotated duning crowth 1n order to establish uniform growth. but 1t the
liquid 1s too viscous seeds may have a tendency to break off. It 1s also advantageous to use a flux which
1~ non-volatile. to avoid evaporation and composition change when using an open crucible Further the

vapour could be huzardous or cause detenoranion in the adjacent equipment

General guidelines may be used to aid flux selection. and some of these are discussed below

I A preferred flux may be selected to have an 1on in common with the composttion of the crystal This

procedure reduces the possibihity of lathice substitution of stable compounds

4

2 It a tlux has jons that are not in common with the crvstal. then these 1ony may produce unwanted
~ubsttunonal or interstial impunities In these cases the flux tons and crystal 1ons generally need to
have a greathy different sizes. different valence states or ditterent preferred coordination numbers. 1n

order to prevent lattice substitution of impunties

Y

The fluy should have a low melting point and be a4 good solvent

4 The flux needs to have g low viscosity and have low volanliy

In ceneral a tlux often 1s 4 eutectic composttion. particularly 1n a multti-component solution. which torms
4 stuble sohd phase The eutectic composition also torms wath 4 low melung pomnt which may asastin

the ~olubihity of the cryvstal phase

2.5 Differential Thermal Analysis

In pructhice many fluxes need 1o be invesugated to find surtable ranges of temperature and composition in
crowing crystah of specified composiions A phase diagram indicates a continuous range ot crystal
compositions and corresponding temperatures at which these compositions are produced One method ot
determiming a phase diagram s by using Differential Thermal Analvsas (DTA) [3.4) coupled with s-ray

analysts In DT AL mwo thermocouples are used to measure the temperature difterence between a sample

1 UNCELASSIFIED
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and a reference while the temperature is being scanned. Reactions and piiase changes in the sample cun
be determined by monitoring this temperature difference. X-ray diffraction 15 used to determine the
crystalline phases and relative amounts of constituents that result after the reactions The DTA echmique
1n fast and accurate in determining the temperatures of exothermic and endothermic reactions of the
crystal and flux rmuxtures. thus allowing rapid and accurate determination of the temperature ut which a
phase change occurs. The main equipment consists of a small fumnace. and two crucible supports which
contain thermocouples (Figure 41 Heaung elements produce a uniform temperature zone by being

arranged cylindnically around the crucibies which are close together.

DTA involves measuring the difference 1n temperature between a small sample of the matenal of interess
and a reference matenal 1n a uniform temperature zone while heat 1~ being added at 4 consunt rate o
that the temperature s vaned systematically. Sample size 1s optimised to maintain 4 umitorm temperature
maximise the temperature response at a phase change and maintain a homogeneous mixture Heatine
causes an increase or decrease in the temperature of the sample. when respectively un exothermic or
endothermic reaction occurs. The heating rate 15 generally quite high (20 - S0 Comuny o masimise ansy
thermal difference that results. Each sample 15 sintered (1e formed at a temperature below 15 meltine
pointy and -raved to confirm that the sample 1v a stable known compositton and a sincle phase The
reterence material 1s generally nert. but in some cases may have 4 phase chance ata known temperatire
which 1~ used in accurate temperature cahbration Altematsely standards such as pure ooid or silsver are
used 1n the sample crucible With the combination of data trom w-ray unalysis and the measurement
temperatures at which the reacnons occur. g phase diagram may be drawn or inferred Problems were

idennified with the DT A equipment and these are discussed in Appendiy Loby

Frgure S v an example of a4 phase diagram which llustrates the DTA technigue Frzure o llustrates the
temperature changes which occur at specitied temperatures and composiions indicated i broure S
which s the phase diagram of banum borate tBaBaOg or BBO» and sodivm bunum borate - NaxBaB0<
or NBBOY Samples X1, X2 and X3 represent composiions ot possibie combingtions ot BRO and
NBBO A thermal anadysis expenment tor sample X1 would indicate exothermie cor endothermice
reactions at the eutectic temperature s Tey where the sample begins to melt at the a - 3 ransition
remperature (T when the phase trunsiion occurs. and at the hiquidus-~sohidus temperature point ¢
when the sample completely melts The analysis for sample X2 has two reaction peaks. idicating g
Irquidus-~ohdus temperature (F) and the same eutecthic emperature (Ter Only g single Lurge peah would
he obsenved tor sample X3 at the eutectic temperature The size of the exothenmic (or endothenmig:
reaction peaks 1~ an indication of the relatve amounts of a pamcular phase or the energeties ot the
tranwition  Thus the eutectic transinon would have the largest peak tor sample X3 s this s the eutectn
compostion. and progressively reduce in size and disappear at the end member rpure BRO or NBRON

The a - B transition will only be observed 1t the hquidus temperature s greater than Tt

UNCLASSIHIED S
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DIFFERENTIAL THERMAL ANALYSIS FURNACE
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Figure 4. Differential Thermal Analysis Furnace.
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In summary. temperature differences between the sample and reference matenal would be obserned ut
the eutectic temperature Te for each composition (points A. D and E» and at the sohdus and hguidus
temperatures (points C and F for compositions X1 and X2 respectively i Further. u small temperature

difference mayv occur at the a - B transition temperature Tt (point B) for sample X1

Composiion
yv‘ T~ \
AT
A B C
Increasing Temperature
-
X:
AT
D t
—
X3
AT
b
B

Figure 6. Graphical representation of data from DTA.

An example of the data obtained 15 given in Figure 7 which is a sample from the BBO - NBBO phase

diagram at a composition of 245 NBBO. that 1s around the o - [ transition at the hquidus Delta
temperature i~ the temperature difference berween the reference and sample ax a function of the
reference temperature. The curve shows the eutectic temperature and a broad change of slcpe at the
liqudus The a - B transvition may not be observed since its associated temperature change occurs over o
comparatnely small range of temperature which overiaps with the melting point The rather broad
change of slope 1n Figure 7 indicates that the liquidus and transition are probable occurnng together This
could occur if the sample composition. nominally 24% NBBO. was such that the phase transition and the
liquidus-sohidus transition occurred at temperatures which were very close 1o each other Altermativels

the phase diagram mavbe shightly incorrect.

Delta Temperature "C

6 1 BBO - NBBO L
(24% NBBO see fig 5) T
s 4 o
RN
eutectic temperature v
3 e approximate
g ad liquidus temperature
- {change of stope)
3¢
B — — . . — . ——

- M - M M M T
TO0 750 800 850 900 950 1000) 1050
Temperature C
! Figure 7. BBO - NBBO DTA data.
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3. TOP SEEDED SOLUTION GROWTH

Top seeded solution growth (TSSG) is a general name for growing a crystal from a seed which has been
lowered tnto a molten solution containing the crystal matenal. In general there 15 a very small thermal
gradient normai to the melt surface. but crystal growth occurs virtually at thermal equilibrium with the
melt. Growth on the seed crystal is achieved by slowly cooling the melt. in which case the crystallisation

temperature varies with ume.

3.1 TSSG Furnace

The TSSG furnace is approximately cylindrcal in shape. and has resistive heated silicon carbide rod
elements parallel to its axis (Figure 8). 1t 15 designed to have a uniform radial temperature profile The
sthicon carbide elements have an operating temperature to 1500 “C and are arranged to be equidistant
from the furnace axis. Concentric with the elements i~ an dlumuna pedestal on which the crucaible 1~
placed. Crucibles are usually made of thin-walled plaunum or plannum/rhodium with a wize range up to
S0mm diameter and 70 mm deep. A vertical temperature gradient ensures that the melt surtace 1~ shghtly
cooler than the melt intenor. The temperature gradient 18 also used to promote convectve sumng within
the melt as the bottom of the crucible is generally hotter and hot liguid will nse. When 1t reaches the top.
the hquid cools. then sinks to the bottom. The resulting circulanng stiming pattern homogemises the meht
If the surface of the melt 15 shghtly cooler than the intenor. nucleation and growth will occur at this
surtace The circular heanng elements and a hole in the top of the furnace are used to tform the verucal
temperature gradient. The hole size could be changed to vary this with a small hole resulung 1n an
nothermal environment with very hittle suming. A cooler spot to mitiate growth i~ then achieved by using
an wr cooled seed rod to reduce the temperature of the seed crystal The crucible 1s viewed through the
hole in the top of the fumace in conjunction with a hight source. A computerised lift and rotation seed rod
i~ alvo placed through the hole. Temperature control of the crucible and the elements 1~ continuously

monitored by a computer which also controls the rate of coohing when growing a crystal

Seed Rod —

f l— $1C Heating Elements

~—d— Furnace Insulatton

Pr Crucible

Aluming
Pedstal

L W

Figure 8. Schematic diagram of crystal growth furnace.
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3.2 Crystal Growth

To nitiate growth. the liquidus temperature of the melt must first be determined as this 1~ the starting
temperature for growth. As the melt i1s close to 1so-thermal and there 1s mimmal seed cooling. the correct
hiquidus temperature is required otherwise the seed will rapidly melt if the temperature 15 too high or
there would be rapid growth if the temperature is too low. Rapid growth which should be avoided
generally leads to poor crystal quality because of void formation and flux trupping. The occurrence of
liquidus is determined by dropping a small piece of crystal into the solution. The solution 1s allowed to
reach equilibrium over 24 hours. while the fragment is monitored for growth. If the tragment does not
change size the small piece of crystal is in equilibrium with the melt and the liquidus has been found The
temperature is then increased slightly. typically 1 - 2 °C. to melt the small fragcment. and the melt allowed

to stabilise at this temperature.

Next a seed crystal is tied very securely to the alumina or platinum seed rod with some fine platinum
wire (Figure 9) and attached to the fumaces lift and rotation stepper motors. The seed crystal i~ then
lowered until the seed just breaks the surface of the solution. where a small amount will dissolve A
constant temperature is maintained for approximately 12 hours allowing thermal equlibrium to be
established. Cooling of the solution then commences at very low rates (typically .01 - 6105 “/hr). The
seed is usually rotated very slowly to keep the layer around the seed homogenous which fucilitates o
umiform growth rate. The size of the crystal i1s momtored by observing through the top of the fumace
with a light source directed at the seed. To increase its thickness. the crystal may be hfted at
approuimately 01 mmv/hr while the crystal is allowed grow to the required dimension. Once the crystal
has reached its required size or has been restricted by the cooling or crucible size. it 1s rarsed just above

the melt. The crystal is then cooled slowly to minimise any thermal strain

grooves filed 1n crystal

Plannum Wire \

Alumina or Plaunum Rod Seed crvatal

Figure 9. Seed crystal attached to seed rod.

3.3. Crystal growth of Beta-Barium Borate.

The crystal growth process 1 ilfustrated by the flux growth of beta Barum borate (8-BBO» Banum
borate hax a high temperature phase () with a melting potnt of around 1095£3°C [S] This phase
transforms to the beta phase with a reported transition temperature between 890 and 925-C [5] Thusin

general 8-BBO cannot be grown directly from a stoichiometric melt and a flux must be added to reduce
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the liquidus by around 200°C. Recently the Czochralski growth of 8-BBO from congruent melts {6{ has
been reported. Very large thermal gradients had to be applied with this method to produce large
undercoolings to get the crystallisation temperature below the o - B transition temperature. Undercooling.
or supercooling. occurs when a liquid is cooled below its freezing point. Very careful matenials
preparation and melt conditioning were required to allow the 8 phase to grow and prevent the transition
1o the o phase. This process may occur for BBO if the a - B transition is sluggish which has been
reported [5]. Small fibres of BBO have also been grown with the Laser Heated Pedestal Growth

technique |7]. Here a solvent was required to reduce the melting point below the transition temperature.

With the flux growth method. excess B2O3 reduces the melting point. but such melts are viscous and
crystal growth is difficult to obtain. Sodium Oxide (Na>O) reduces the melting point as seen from the
phase diagram of BBO - Na)BaB10s (NBBO) in Figure 5. Crystals of 8-BBO can be grown from a
composition of at least 24 mole % NBBO. However the range of composition over which crystals will
grow is quite small. and only a smalf volume of crystal would result from a given melit volume. A study
of the more complete system may indicate a composition that would allow a larger volume of the meit to
crystallise as 8-BBO. The phase diagram (Figure 5) of BBO - NBBO is only a partial diagram of a three
component system as shown in Figure 10 where BaO. NayO and B,O3 are the three components of the

phase diagram.

NaO
°’C

NBO

968°C

(1)
Extremely slow

5S 826 3 crystal growth regiol
900
BaO 3Ba0ByOy BBO b
[} Q, 0,
1923°C 1370°C 1095°C 450°C

Figure 10. Full Phase diagram of BaO, Na;0 and B20;.
The temperatures indicated are the melting points of the materials at that point of the phase diagram.
Also shown are the eutectic temperatures between BBO and other compounds in the phase diagram.
The region of interest for flux growth of BBO is indicated by the triangle shown as (1) in Figure 10. As
the & - B transition temperature is around 925 °C, the lower the final crystallisation temperature (eutectic
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temperature) and the larger the composition difference between the start and tinish of growth. then the
larger a fracnon of the melt volume should crystallise. Region (1) encompasses the part of the phase
Jiagram where BBO isx most likely to grow trom a tlux with the lowest final temperature. thus giving 4
farge growth range. Region (2) is also worth considering: however the higher melung point of
3BaUB>0; and the high eutectic temperature (915°C) eliminates this region for flux growth of BBO
Region (1) also has a high eutectic temperarure (~900°C) and additionally melits nch in borate are
cenerally very viscous, making this region difficult and slow for crystal growth. Generally § - BBO has
been grown from a mixture of BBO and NBBO [5.11.12.13] along the phase line indicated and shown

the phase diagram (Figure 5). There has also been a report on growth from NaCl solutions { 14]

The phase diagram of region (1), BBO - NBBO - Na1B,Q4 (NBO). has not been previously determined
and was 1ntensively studied by us. The phase diagram in Figure 11 is what is theoretically expected 1f no
new phases form between the compounds. The dotted lines indicate possible eutectic iso-therms. It these
should occur then there would exist a large growth range between the o - B transition and the central
eutectic point. which should lead to the growth of the largest crystals from a given melt volume.

NBBO
346°C

/

e /
s

eutecuc .
N
355°C 7 BBO

AN
~

' eutectc
\ e
025=(;/ - - -
transiton / 7

temperature y p-BBO .
~

/// , - 77 maximun NBO
- - growth range
. a i
/ e N
BBO eutectic NBO
1095°C 326°C 968°C

Figure 11. Thevretical Phase diagram of BBO - NBBO - NBO.
Using DTA and x-ray analysis of small melts, typically 1 -2 gm, the phase boundanes and temperatures
were determined and the results are shown in schematic form in Figure 12, The x-ray analysis indicates
the crystal phases that result when a particular composition is melted and slowly cooled while DTA only
indicates phase temperatures. [dentification of the crystal phases is required to determine the
composition range of a compound in the phase diagram. Figure 12 indicates an unknown high
temperature phase which forms above 900 °C. Also shown is the approximate o - B transition i1sotherm.
Appendix [(a) gives a summary of the lattice parameters of NBBO, which have not been reported. and a
determination of the lattice parameters found for the unknown material. NBBO is needed to be
characterised as it is used as one of the starting materials and a major component of the flux. The
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presence of the unknown material has the effect of moving the eutectic towards the BBO compound on
the termary diagram. This reduces the composition growth range and there 15 little advantage to be guned

from growing B - BBO within the ternary diagram.

NBBO
816°C
s \
. e
NBBO \)(
eutectc AN SN
755°C < > BN
7Y / \
70 > 900°C h
- ‘ > 900°
95°C ! ~ g . eutectic
N ,": \ / /A\
transinon N Ve ~ P AN
temperature \\( 9 N
e
n p-BBO N\
o ) NBO N
. a
/ o .
BBO 826°C NBO
1085°C 968 °C

Figure 12. Schematic Phase diagram of BBO - NBBO - NBO.

4. SUMMARY.

The flux growth of crystals is an important technique for obtaining single crystal samples of many optical
matenials. The technique in itself is quite straight forward, however there are many subtleties that must
be understood before high quality crystals can be grown. These subtleties vary for different matenials and
include flux selection. cooling rate , rotation rate and lift rate. The over-riding problem 1s flux seiection.
which is crucial for good quality crystal growth. This problem is generally solved by studying the phase
diagram of the flux and crystal combination. and involves considerable trials and experimentation to

optimise.

The example used to illustrate the technique, the growth of B-BBO from sodium borate fluxes, shows the
importance of the phase diagram in top seeded solution growth. Sodium oxide is known to be a suitable
flux with a range of liquidus temperatures less than the 925°C transition between high temperature (a)
and low temperature (B) phases of BaB7Oy4. In an attempt to extend the range of growth, this study was
aimed at finding other lower temperature eutectic temperatures within the BaO, Naj0. B7O3 system. It
was evident from the known phase relationships that the subsystem BBO, NBBO, NBO provided the best
potential.

A study of this system was attempted using a combination of differental thermal analysis. x-ray

diffraction and visual observation of test materials in small crucibles with controlled temperature
changes. A high temperature phase appeared to be present as indicated by the phase products and
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transition temperatures found during the phase diagram study. This coincided with the observation ot an
unknown phase identified dunng XRD uanalvsts. An attempt to determine latice parameters of this
matenal was unsuccessful because of its extreme hygroscopic nature causing the formation of mulnpie
hydrated phases. The occurrence of this unknown phase severely restnctes the growth range that can be
obtained because of the shifting of the eutectic isotherm towards the o-f transition temperatute.
Consequently this reduces the composition difference between the phase transition and the eutectic
composition. There is therefore very litle advantage in using a flux from within this subsystem. Most of
these studies were performed with matentals having 99.9% or 99 99% punty. Impunties such as Ca
within BaCOz. may possibly have been responsible for the new phase occumng. but this seems unhkely

aiven the low concentration of impunties.

The crystal structure of NasO.BaB>Oy4 (NBBO) was examined by x-ray ditfraction. Mixtures of NBBO
with substances ot known lattice parameters were used for companson and to cahibrate the x-ray data
The results obtained tor the two theta values (Appendix I(a)) are generally compatible with those i1n the

literature. The crystal structure was found to be monoclinic as obtained from powder x-ray analysis.
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APPENDIX I(a)
LATTICE PARAMETERS OF NBBO AND UNKNOWN MATERIAL.

ta) Lattice Parameters of NBBO

NBBO 15 a major component of the BBO - NBBO - NBO system and while a rable of 20 (Bragg anzie)
v ftne tatensity has been reponeds. the lattice parameters or crystal structure are unknown. A Jdetaled
knowledge of the lattice parameters (that is unit cell dimensions which detine the crystal structure’ i
required tor x-ray analysis and a more complete study of NBBO was undertaken. A large NBBO sample
was prepared using BaCO3 . B2O3 and NayCOj3. After thoroughly mixing the chemicals the sample was
placed in a platinum crucible and heated 1n a mutfle furnace to 700 *C. This 15 55°C below the eutectc
temperature between BBO and NBBO. The furnace was maintained at this temperature tor 6) hours.
then cooled to 460 °C in S hours. and finally cooled rapidly to room temperature. X-ray diffraction
showed that the sample was single phase with no evidence of the individual staring chemcals. 1t was
found that NBBO is hyvgroscopic and would hydrate ovemight if care was not taken to ensure that the

prepared NBBO was kept in a dry environment.

Powder x-rav data were acquired on a standard x-ray diffractometer with the data electronically stored
for latter analysis. Lorentzian line shape profiles were fitted to the data to determine the line position (20
or d spacing). intensity and line broadening. where © is the Bragg angle and d the interatomic spacing
The determined latuce spacings and the probable Milier indices, denoted by h. k and | are listed 1n

Table lray 2 along with the published results

Using the Umit Cell Refinement program of Visser {9], which determines the lattice parameters from x-
ray powder patterns and assigns Miller indices. the measured d - spacings give consistent results for a
monochinie structure. This result is obtainec with no assumptions about the crystal symmetry. Using the
same conditions and the reported d - spacings (8] the results listed in Table I(a).1 are obtained. These
data have also been refined using least squares analysis [ 10).

Table 1(a).1. Calkculated Lattice Parameters of Na;BaB,0s.

Lactice Parameters a (A b (A) c (A a B Y )
Present data 9576 5.570 6.190 90 98.88 90
Reference data (8] 9.573 5.565 6.185 90 98.92 90

(b) Lattice Parameters of Unknown Material

As indicated on the phase diagram. Figure 10, an unknown high temperature phase was found. Crystals
of thys matenal could be grown from the melt in the region indicated within the dashed lines. The exact
composition range and temperatures were not determined. The material was extremely hygroscopic.
Although this made analysis difficult. some x-ray data were obtained on freshly prepared samples. A
table of 26s is shown n Table I(a).4 for one of the samples measured. Attempts to analyse these data

with the Unit Cell Refinement program(9]| were somewhat inconclusive and lattice parameters could
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Table I(a).2. Measured x-ray data of NasBaB-Qs.

26 721N d - spacing d - spacing I hkdetermined trom
present data (A (reterence ) (A) Umt Cell Refinement

13.643 22 4754 4798 11

18928 12 4 685 1734 200

22.066 20 4023 4#).57 201

22777 37 3901 3929 1=t )
24607 30 3615 1642 L |
23658 13 | 3.469 1490 201 '
29 351 100 3.041 3058 002 |
32.266 27 2.764 2.787.2.773 020 20-2

32.756 69 2732 2746 LKL

3623 17 2,663 2676 11 |
36 183 26 2481 2.493 112

37 5370 22 2.392 2403 220

38 452 2 2.339 2367 100 i
38.78S 18 2.320 223 10 -1 J
39 366 25 2.287 2296 22-1 1
41267 13 2186 2196 1] 2 |
31634 22 2168 2176 221 !
43204 7 2092 2. 100 J01 ]
+ 105 9 2.052 2059 022

14 793 23 2.022 2.027 40-2

45 788 10 1.980 1.987 20-3

16 36d) 15 1.957 1.964 222

47173 15 1.925 1.932 11-3

47 527 11 1.912 1.918. 1865 12

S0 183 8 1 817 1.823 222

St.164 10 1.784 1.789. 1.772 12-1

52 060 S 1.7553 1.759, 1.7445 13-1

52783 3 1.7329 1.7307 131

54.855 15 1.6723 1.6764 421 40-3

S5 650 8 1.6503 1.6549 Stt1s51-2

§6.223 3 1.6348 1.6394 42-2

57 049 6 16131 1.6164 223

57752 9 1.5951 1.5992 330

S8.575 3 1 5746 1.5752 600
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not be determined uniquely A probable reason tor this s the extreme hygroscopic naturs of the maten.l
For instance samples lett ovemnight would hquety causing confusion innterpretaton ot the x-ray Jdata
Jue to the appedrance of 4 second phase associated with the hvdration However 4 most probable
structure was indicated. Using the lamice parameters determined 10 this way. datd trom four samples was
least squares fited Ot the # Lines obtained in the investnganon. oniy three weak lines were not indeved
in the most probable structure. The results of this analysis are shown in Tuble 1oy 3 and cave turhy
consistent results for a monochinic structure.

Table 1(a).3. Caiculated Lattice Parameters of Unknown Material.

irLamce Parameters LY b (A LY ;r a l 3 v
Exampie 1 i Table 4 data) 1191 1414 6 39 ]7 90 i 09 34 e
E\Jmple 2 1196 J 1322 642 1) } 9927 Nt
L\.xmp!c 2 1192 I 1415 6 40 9t ‘ w93y Bl
:\Aﬂlle 4 [ 119 ! (415 6 18 90 L TERT a0

Table lia).4. Measured x-ray data of Unknown Material.

! 20 L'lo ﬁL 26 1o J

; 1408 2 ' 5619 1
? 16 83 i 2 S7T48 I .
ERN I ! ! ALRN 3 '

'L 2490 2 ]' 59 33 2

.i 25 65 4 A 40 K]

' 28737 1 60 59 4

] 29 192 44 6270 1

1315 24 64 87 |

1459 S 6691 |

35 89 1 68.11 1

1651 3 69 00 1

38 29 ] 70 37 1

4) 84 4 75 06 1

42 .16 7 7703 1

44 06 1 78.16 1

1527 100 78 95 2

45 51 6 3021 1

49 01 2 82.30 3

SO 11 1 84 40 1

S1 44 1 86.25 i

5284 ] 90 46 1

5528 1 9224 1
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APPENDIX I(b).
PROBLEMS IDENTIFIED.
Problems with the ditferential thermal analysis equipment were idenufied as follows and these should be

addressed to improve the equipment.

ta) The differennal thermal analysis equipment was designed and built n-house. and in
particufar made use of the Optoelecwonics Division umique temperature control ~oftware
developed for the Czochraiski furnaces. On use it was discovered that o be effective the
thermocouple wires (PUPtRh) needed to be thinner than those used. The wires used were
1.5 mm diameter. whereas 0.2 mm or less would be preferable. The thicker wire mude the

system less sensitive due to its higher thermal capacity and thermal conductance

{b1 Liguidus temperatures were difficult to determine with the existing equipment. The smuil
sample crucibles were made of tolded thin Pt to1l. When the sample (which had been reduced in
volume by prior melting and quenching) reached its solidus-liquidus temperature, some of the
liqud separated from the solid due to its tendency to wet Pt. Thus the sample eftectively
changed composition during the measurement. An improved cructble design 1s needed. either to

prevent the wetting effect or to enclose the sample totally.
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